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Abstract

We propose to measure inelastically scattered electrons in coincidence with pro-
tons emitted backwards relative to the virtual photon direction in the reaction
d(e,e'p)X. Using a 6 GeV electron beam and the CLAS detector, we can study
this reaction for a large range of proton momenta (0.25 — 0.6 GeV/c) and electron
kinematics (Q* =1— 6 GeV?/c?, z = 0.2 - 1).

In a simple spectator model, the electron scatters off a forward-moving neutron
inside the deuteron and the detected backward-moving proton is an undisturbed
spectator. Its measured momentum is equal and opposite to the momentum of the
neutron befcre it was struck. By measuring the semi-inclusive cross section as a
function of spectator momentum and direction, we can study the dependence on
kinematics and off-shell behavior of the electron-nucleon cross section in the elastic,
resonance, and deep inelastic region. At the same time we will gain information on
the high-momentum structure of the deuteron wave function.

On the other hand, if the virtual photon couples to a quark in a 6-quark object,
the spectator picture breaks down and a quite different dependence of the cross
section on the kinematic variables (z, @?, and p,) will be observed. If such a 6-
quark object exists as part of the deuteron wave function, it will be more easily
detected in the kinematic region which favors short internucleon distances, i.e., at
the high relative nucleon momenta observed by the proposed experiment.

We ask for 16 days of running on a deuterium target with an unpolarized 6
GeV beam in Hall B. The statistics collected in that time will be sufficient to study
the dependence on all kinematic variables in appropriately small bin sizes. We
note that the trigger requirements are not stringent and the running conditions are
quite flexible, thus ensuring that a large body of data will be collected that can be
analysed for many other purposes.



1. INTRODUCTION

One of the currently fascinating questions in nuclear physics is at what level does
the quark-gluon picture supersede the nucleon-meson picture? Clearly, when the
wave functions of two nucleons overlap significantly one can expect large changes
in the internal structure of the nucleons. This may lead to a change in form factors
and structure functions (depending on the off-shell mass, m*, of the struck nucleon)
or, in the extreme case, to a complete fusion of the two nucleons into a 6-quark
object. The chance of a significant nucleon overlap occurring in nuclei is rather
high. The probability of finding a nucleon inside a nucleus with internal momen-
tum above the Fermi surface (2 300MeV/c) is about 25% for heavy nuclei, and
results primarily from 2-nucleon correlations!. Even in deuterium, approximately
3—4% of the momentum-space wave function lies above 300 MeV /c and possibly 2%
lies above 400MeV/c. By designing experiments that are sensitive to short-range
correlations in nuclei, we can amplify the effects of microscopic degrees of freedom.
We wish to concentrate our efforts on the simplest nucleus, deuterium, for which
the interpretation of the data is easiest and realistic calculations exist!*345, In
this case, the two baryons making up the correlation (np, AA, etc.) have equal
and opposite internal momenta. By detecting a backward-going baryon with high
momentum, we can ensure that the reaction occurred on a tightly correlated pair
and we can measure its internal momentum. We wish to investigate several aspects
of the d(e,e’p)X reaction:

(a) Can we describe the scattering process in a spectator picture where the back-
ward going nucleon is undisturbed by the reaction that occured on the correlated
forward going nucleon? If the spectator picture is correct then we expect that the
cross section will depend only on those variables that describe the free cross section,
after a kinematical correction for the motion of the struck nucleon.

(b) What is the correct description of the deuteron wave function? Does one
need light cone wave functions' or a fully relativistic description® ? One avenue to
answer some of these questions would be to integrate the scattering cross section
over large kinematic ranges of z and Q? at fixed spectator momentum and then to
study the dependence of the integrated cross section on the spectator momentum.
The dependence on the direction of the spectator momentum, for example, is quite
different for light cone dynamics and non-relativistic deuteron models.

(¢) How are the nucleon form factors and structure functions modified for high-
momentum nucleon-nucleon correlations? Within the spectator picture one could
study off-shell elastic and transition form factors. One can compare resonance
transition amplitudes to the free values to gain insight into possible deformations
of nucleons inside tightly correlated pairs. Data in the deep inelastic region address
several issues including interpretations of the EMC effect, techniques for extracting
the neutron structure functions from measurements on the deuteron, and the exis-
tence of 6-quark or AA configurations.

The experiment proposed here (inelastic electron scattering off deuterium with



coincident detection of a proton in the backward hemisphere relative to §) has been
discussed before in a letter of intent® and more recently at the Workshop on CEBAF
at Higher Energies’. It can be naturally extended to heavier nuclei, such as 3He,
“He, 2C and *°Fe, as described partially by the existing multi-hadron proposals for
the CLAS detector®. Deuterium has originally been included in that proposal as a
standard of comparison for experiments on complex nuclei. The unique perspective
of the present proposal lies in the exclusive concentration on deuterium as the light-
est nucleus and the emphasis on the highest available beam energies, enabling us to
reach the Bjorkén scaling region. We believe that the fundamental mechanism of
kinematic rescaling and any possible modifications of elastic and inelastic structure
functions, as well as possible non-nucleonic configurations of correlated nucleons
inside nuclei, must first be studied well in the relatively simple A=2 system. The
interpretation of measurements on heavier nuclei is much more complicated since
final state interactions can influence the spectrum of spectators as well as produce
additional backward-going nucleons which are difficult to separate experimentally
from the spectator nucleons. Also, deuterium is the only nucleus where the center
of mass of the correlated pair is guaranteed to be initially at rest in the laboratory
frame.

A common proposal for observing short-range correlation effects is to look at
inclusive electron scattering off deuterium in the kinematic region zg; > 1. Since the
free nucleon structure functions fall off rapidly as xg; — 1, the cross section will be
sensitive to the high-momentum components of the deuteron wave function, where
the scattering occurs on a fast-moving nucleon coming toward the virtual photon.
The problem with the z > 1 measurements is that there is no way to determine
the momentum of the struck nucleon and the data are averaged over a number of
true z-values for a fixed zg;. Not only does the tagged structure function method
proposed here provide similar information to the z > 1 measurements, it actually
provides this information in much richer detail!

2. THEORETICAL BACKGROUND

The (inclusive) cross section for scattering of an electron with initial four-
momentum e and final four-momentum €’ off a free nucleon is given by

do drody [ - 2 m?y’z?  Fy(z, Q%)
ddez - Q4 Yy Fl(x’Q )+(1-y— ’ Q2 ) z (1)
where Q% = —¢? = —(e — ¢')? = §% — v? is the negative 4-momentum squared of the

virtual photon, z = Q%/2p - q, p and m are the initial four-momentum and mass of
the struck nucleon, respectively, and y = p-¢/p-e. Finally, agy is the fine-structure
constant. For a nucleon at rest, p-¢ = my, and z becomes z = zp; = Q*/2mv
(Bjérkeén-z). In the spectator model of inelastic scattering, the virtual photon is
absorbed on a nucleon (moving with momentum §), while the other nucleon is a

4



spectator to the scattering (moving with momentum p, = —p). If that second
nucleon is truly a spectator, then it must be on-shell at the time of the scattering,
with energy E, = v/m? + p?. Energy conservation requires that the other nucleon

must be off-shell with energy E* = \/m*? + p?, where E, + E* = Mp =~ 2m. In this
case p-q = E*v — g §. This can be rewritten as

p-qg=(2m — E,)v — pyg = mv(2 - [E, + p(¢/v)]/m). (2)

In the limit ¢/v — 1, the second term on the right becomes (vm? + g5, 2 — ps)/m =
a, and = = zg;/(2 —a). The light-cone fraction a of the momentum of the deuteron
carried by the spectator nucleon is normalized to have values from 0 to 2 (two

nucleons). The approximation ¢/v = /1+ Q%/v? = (/1 + zg;2m/v == 1 becomes

valid to within 10% for the kinematics of this experiment.

If the spectator picture is correct, then the cross section for scattering from
an off-shell nucleon will depend on the same Lorentz-invariant variables, @2, z,
and y, as the on-shell cross section (Eq. 1), and on the invariant off-shell mass
m*. These are the only non-trivial Lorentz-invariants that one can build using the
four-momenta e, ¢/, and p. On the other hand, if the observed backward proton
was directly involved in the scattering process (due to Final State Interactions -
FSI - or other two-nucleon effects), there are two additional invariants that can
be constructed from the measured quantities e, €', p,, and Pp (the initial four-
momentum of the deuteron). One can choose the beam energy E = € and the
energy transfer v = ° — ¢'® to represent these additional variables. In principle, the
semi-inclusive cross section will depend on these quantities explicitly even if m*?,
@?, z, and y are kept constant. By looking for such an explicit dependence on E
and v we can assess the validity of the spectator picture (see next section).

If the spectator picture is validated (at least for certain kinematic regions), we
can study several aspects of the electron-neutron cross section for off-shell neutrons.
These will now be discussed in more detail.

2.1. Deep Inelastic Scattering

The dominant effect in deep inelastic scattering is a rescaling of the variable z =~
zg;/(2 — @) from its value for a free nucleon at rest. This results in a kinematic shift
of the deep-inelastic structure functions F; and F;. This effect is most pronounced at
high spectator momentum and large backward angles. In the most straightforward
extension of the on-shell cross section (Eq. 1) this rescaling is the only change and
we can write the semi-inclusive cross section (using light cone variables) as!

Fz(szz)
T

doan _ drady
dzdQ*dad?p, Q*

miys?
|¥rc(a, pu))?

Q2

(3)
in which 1¥r¢ is the momentum-space deuteron wave function expressed in terms of
the light cone fraction a and the transverse momentum p;. Using a non-relativistic

y'F(z,Q) +(1-y - )
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form of the deuterqn wave function, this equation becomes
doan  _ 4magy mzyz:cz)Fg(a:,Qz)
drdQd3p ~ Q¢ Q? T

The connection between the light cone formulation, Eq. 3, and the non-relativistic
counterpart, Eq. 4, can be seen from the relationship?

[Yro(e, p. )P dad’py = [¥wa(|k[")*dk (5)
where the “internal momentum”  is given by

ky

Pr=ko= e 11 (6)
m2+k2

It can be inferred from Eq. 6 that the measured spectator momentum component
pyj along the g-vector is smaller than the internal momentum component k. This
leads to a more rapid fall-off of the cross section in Eq. 3 with p, than in the non-
relativistic picture of Eq. 4. Also, the light cone cross section becomes explicitly
dependent on the direction of the spectator momentum (in addition to the rescaling
of z mentioned above). These different predictions will be tested by the proposed
experiment.

At present, the existing experimental data are sparse and do not allow us to
investigate in detail the structure of the cross section (Eq. 3 or 4) as a function of
all kinematic variables. The Big European Bubble Chamber (BEBC) collaboration
has studied deep inelastic neutrino scattering in coincidence with the emission of a
single backward-going nucleon®. They calculate the average value of the observed
Bjorken-z, < zg; >, for their total data set and the average observed Bjdrken-
T, < Tpj >a, for several bins in the light cone fraction, a, of the backward-going
nucleons. Since a and the “true” scaling variable z are uncorrelated, one expects a
relation of the form

Y F(z,Q%) +(1~y [nr(IB1P)* (4)

< IBj 2a
< Tg; >

The BEBC data taken for deuterium and for neon indeed show this correlation.
Unfortunately, this is not conclusive proof for the validity of the spectator model.
In fact, any object with baryon number A = 2 that fragments into a backward-going
nucleon will produce a similar kinematic relationship!®. Hence, for a better under-
standing of the light-cone structure of two close nucleons it is crucial to map out the
tagged structure functions rather than to rely on gross averages. In heavier nuclei,
particles in the backward direction coming from nucleon-nucleon correlations will
be masked by nuclear re-interactions or cascading even for events that contain only
a single backward-going nucleon. Recent preliminary results from E665 at Fermilab
bear this out for Xenon'!. On the other hand, most theoretical analyses®? agree
that FSI and direct hadronization do not contribute significantly in the kinematic
region chosen for our experiment on deuterium.

=2-a. (7)
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Going beyond the most simple extrapolation from the free nucleon, one has to
consider several additional effects: The structure functions for the off-shell nucleon
could depend explicitely on m* and there could be more structure functions than
in the on-shell case®. Several theoretical treatments have studied the change in the
deep inelastic structure functions as a function of m* and/or changes in the nucleon
radius®13%14 These authors predict a reduction of the deep inelastic structure
functions proportional to m*/m, which reaches 1% — 10% (depending on z) even for
the rather loosely bound neutron in deuterium (m*/m = 0.976 on average). In our
experiment, we can easily reach m*/m = 0.68 (for |p,| = 0.5 GeV/c) which should
yield reductions of at least 20%. This can be disentangled (at least partially) from
the deuteron wave function (e, p, ) by studying the z-, y- and Q*-dependence of the
cross section. For example, Frankfurt and Strikman® have proposed a simple model
for off-shell effects in the light cone formalism which is based on the assumption
that point-like configurations (PLC) of the nucleon are suppressed by a factor

- 1 z
5o((F) = | 17357a%,) ®

if the nucleon is bound to another nucleon with relative momentum &. Here, E,(&) =
k2 /2m+€p is the separation energy of a nucleon with momentum k and AEp is the
energy scale for nucleonic excitations in deuterium. The suppression of PLC leads to
a linear decrease of the structure functions F; and F; from their free values at z = 0.3
to a value reduced by the factor 6p(|k|) at and above z = 0.6 (see Fig. 19). Quite
a different picture emerges in a calculation based on the Sullivan model®, where
binding leads to an increase in the nucleon—plus—pion Fock state component over
the free nucleon wave function. Here, the ratio Fy*(z, |5,|)/F2"(Z) free is tncreased for
nearly all z (by as much as 10% at z = 0.2) and falls off smoothly towards z = 1.
Furthermore, the effect is not increasing monotonically with |7,|, but reverses at
|Bs| > 0.5GeV/c. A mapping out of both z- and |5,|-dependence will enable us to
distinguish between these two theoretical results.

2.2. The 6-quark model

In contrast to the spectator picture, we can imagine the opposite extreme, for
which the two nucleons are kneaded into a 6-quark (6q) object. Although no more
than 5% of the deuteron wavefunction could be due to 6q states (deduced from
overlap arguments), above 0.3 GeV/c relative nucleon momentum, a large fraction
(even as much as 50 — 100%) of the wavefunction might be in a 6q configuration.

Several years ago, Lassila and Sukhatme!® deduced estimates for the valence
and sea quark distributions in an object with N valence quarks using dimensional
counting rules and available data on N = 2 and N = 3 systems. This is the starting
point of our model for a 6-quark structure function. The valence distribution,
assumed to have the same form for each quark flavor, is

Vi(z) = Byz~Y*(1 — )% (9)
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and the sea distribution is
On(z) = Anz™Y(1 — 2)°¥, (10)

in which z is the fraction of the N-quark object’s momentum carried by the struck
quark. The condition

1
/0 Va(z)dz = 1 (11)
insures that Vi is normalized per valence quark. This integration can be performed
using
1 I'(a+ 1)T(b+1)
a b
- - 12
./oz(l S P (12)
in which the standard I'-function obeys the relation I'(a + 1) = aI'(a). Therefore,
by +2)
By = 2 13
N T T (w + 1) (13)
The fraction of the momentum carried by the valence quarks is simply
1 N
w=N fo Vi(a)de = (14)

Momentum conservation demands that 2v+20+2, = 1, in which zp is the fractional
momentum carried by the sea quarks and z, is that carried by the glue. If we define
§ = z0/2,, which by some estimates is about } and independent of N, then

_26N+3—N £

0T "oy +3 1+¢ (15)
Fits to the available pion and proton data yield
by =2N -3 (16)
and
ay = N + 6, (17)

with an uncertainty of about +1. In the parton model, the structure function
Fy(z) = ¥, e?zqi(z), in which ¢;(z) is the quark distribution function and e; is the
charge of the i-th quark flavor. We will assume that the strange quarks have half the
weight of u and d quarks in the sea. Therefore, & =d = $On(z) and § = 50n(T).
The valence quark content of the proton is uud, of the neutron is udd and of the
deuteron is uuuddd. Hence,

Ff*(z) = 1z20n(z) (1)

for all particles. However,
Fy4=~(z) = n2Vi(z) (19)
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av by Ax By

8 1 090 0.75
9 3 1.11 2.19
12 9 155 147

c:wmz

Table 1: Constants for the N-quark model

in which n = 1, 2/3 and 5/3 for proton, neutron, and 6-quark object, respectively.
Table 1 shows the calculated values of the constants required for pion (N = 2),
proton (N = 3) and 6-quark object (N = 6).

Conventionally, nuclear structure functions are normalized per nucleon and z
runs from 0 to A. Hence, for the 6-quark case, we must divide F; by two and
evaluate it at z/2, in which the measured z can run from 0 to 2. Since we plan
to observe a backward-going proton, the electron will strike the neutron. Hence,
within the schematic model above, we can write

F 1.22\/0/2(1 — 2/2)° +0.19(1 — 2/2)"
F} — 14631 ~2)* +0.27(1 - 2)°

(20)

r{z) =

which is valid for z < 1 only. A more realistic estimate of F3? follows by taking
r(z) times the NMC parametrization of F}' = 2F¢ — F¥. This assumes that the Q*
evolution and the higher twist is identical for scattering from 6-quark objects and
neutrons.

After a 6-quark object is struck by a high-energy electron, one quark will be
scattered and the remaining five will fragment into observable particles. Again,
since we detect a proton, we are interested in the fragmentation function D3¢(z, pr),
in which z is the fraction of the 5-quark momentum carried by the observed proton,
and pr is that proton’s transverse momentum. Following the model of Carlson,
Lassila and Sukhatme!®, we can take D(z)  z"(1 — 2)®. On average, the protons
produced should have 3/5 of the available 5-quark momentum, since it is created
with 3 of these 5 quarks. Therefore,

<r>=o= ff’lfm(l'z)sdz _ntl
5 fpz*(1—23dz. n+d

(21)

Hence, we take n = 5. Estimates from existing data show that the pr distribution
is nearly gaussian in p%. The fully normalized fragmentation function (integral =
1) is
1008 2 2
6q - 5(1 _ z)3e—P/(0.34GeV)?
Dy (z,pr) \/1?(0.34GeV)z (1-2)°e (22)

The full 6-quark cross section then becomes



do _ 41ra23ﬂ —y- Q? + v’ + Q*/E? '
dzp,;dQ*dadp; Q! 4E* * 2(1 + R(zp;, Q%))
F3'(z5;,Q) (1 sq(__ &
= 5o D (5— xBJ_,PT) (23)

in which the extra factor of 1/(2~zp5;) comes from the transformation from z to a.
Here, R(zp;, Q*) = (¢*/v*)(F2/2zF}) — 1 is the ratio of longitudinal to transverse
virtual photon cross section.

In order to compare this cross section with the data, Carlson and Lassilal® have
proposed to determine the ratio

_ Omeasured
R——-—-—sz(:_fé), (24)
where K is the factor in the first line of Eq. 23. In the spectator model (without
off-shell effects) R becomes R = (2—a)|¢(e, p.)|? (the factor (2 —a) arises from the
definition of Fmensured in terms of zg ; instead of z). Obviously, the ratio R would be
constant for fixed @ and p, in that case. However, if one scatters from a 6q object,

R will vary with z. In this case,

R = _F2(=8;)Djsq(2,p1) _ (25)
(2-25;)2 - a)Fp(52

The z-dependence of Eq. 25 is quite different from that predicted by the off-shell
model discussed above, as can be seen from Fig. 19.

The true story in deuterium probably lies somewhere between the spectator and
6q extremes. However, these two models serve to provide a scale for the magnitude
of the possible effects we can observe. If R is indeed flat with z one can perhaps set
constraints on the 6q content of the deuteron. If R is not flat with z it will provide
the first quantitative evidence for modification of the structure functions (beyond
simple kinematics) when two nucleons get close to each other.

2.8. Resonance Region

In the kinematic region where the final state of the struck neutron in the reaction
d(e, e'p)X is either a nucleon resonance or a free neutron (“elastic” scattering), one
can again observe several aspects of the cross section on a bound nucleon.

The major expected effect is the kinematic shift of the resonance and elastic
peaks due to the motion of the struck nucleon. Therefore it is interesting to investi-
gate the dependence of the scattered electron spectra on the momentum and angle
of the backward proton. The appropriate variable to use in this case is not z but the
invariant mass squared W? = m*? 4+ 2p. ¢ — Q?. The kinematic position of the well
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known resonance structures'” is governed by the relativistically correct invariant
mass squared, W2, as defined above, instead of the corresponding quantity for a
nucleon at rest, m?+2my —Q?. This leads to the following approximate relationship
between the electron energy loss, v,.,(@), needed to excite a given resonance with
mass W,., and the corresponding energy loss, vy, on a free nucleon:
W2 _m-2+Q2_ m? — m*? Yo

res

2m(2—-a) T 2m(2-a) + (2-a)

(26)

Vres(t) &2

Equation 26 demonstrates that the resonance peaks are shifted by a fixed offset for
given spectator momentum |p,| (off-shell mass m*)t and are “stretched out” by a
rescaling factor 1/(2 — «). It follows that with increasing momentum of the back-
ward proton, the distance between the quasielastic peak and the resonance peaks
will increase, and the resonance structure will be smeared out. To visualize this, we
show in Fig. 1 the scattered electron energy spectra for several spectator momenta.
The figure shows that in the case of |§,| > 0.3 GeV/c the electron spectrum is
almost flat and does not reveal any pronounced “bumps”. However, the same spec-
tra represented in terms of W (Fig. 2) reproduce the familiar resonance structure.
Note that this prediction is based on more than just a simple kinematical relation-
ship. Other possible reaction mechanisms (such as rescattering etc.), which are not
sensitive to high internal momenta of nucleons in the deuteron and do not lead to
factorization, will not necessarily produce the same resonance structure (with the
same relative strength, shape, and Q? dependence of each peak) as in the case of
electron scattering on the free nucleon. In the extreme case of a complete break-
down of the spectator picture, one no longer sees individual resonance peaks at the
correct values of W. Instead one might find direct evidence of AA 8 or 6-quark
configurations in the deuteron or even dibaryon resonances. Further information
on the reaction mechanism can be obtained simultaneously with the semi-inclusive
data by observing the final state of the struck neutron.

After we have assessed the validity of the spectator model, we can again look for
off-shell effects in the excitation cross section for each resonance peak. Such effects
might be indicative of possible changes in the bound nucleon radius or “shape”.
The parameter controlling the amount by which the struck neutron is off shell is
m? —m*? = m? — (p} — p*)? and is fixed by the absolute value of the momentum
of the backward proton. To separate off-shell effects from the kinematic shift dis-
cussed above one has to keep the electron variables v and §, as well as the angle
6pq = arccos(p, - §), constant. Since the uncertainty in the deuteron wave function
makes a direct comparison of different p, ambiguous, it is advantageous to look for
off-shell modifications of the ratio between longitudinal and transverse structure

functions instead. This is equivalent to varying the remaining variable, y. There

't is interesting to note that the one-to-one relationship between 2 and W at fixed Q? is no longer
valid here since the off-shell mass m* eaters explicitly. This can be considered as another m"-
dependent effect on the structure functions.
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are essentially two ways to accomplish this!®: One can either keep v,§, and p, fixed
and study the cross section for different beam energies (using the data from exist-
ing proposals at 4 GeV #!%) or one can make use of the out-of-plane capability of
CLAS. Specifically, by comparing cross sections for different azimuthal angles, ¢,,,
between the (§¢) and (7€) planes at given values of v, §, p,, one can look at the
y-dependence at fixed beam energy.

There exist several different theoretical approaches to treat the scattering of high
energy electrons off deeply bound nucleons (see e.g. Refs.?021:1:22:2319) "They predict
similar cross sections for low internal nucleon momenta but disagree strongly for
higher momenta. In Fig. 3 we present, for illustration, the predictions of different
calculations for the y-dependence of the cross section in the case of quasielastic scat-
tering (W,., = m). For each model, we plot the ratio R = %_%f;—%l, normalized
to the corresponding ratio calculated within the on-shell approximation.

In the special case W2 = m? one studies the reaction d{e, e'p)n. The underlying
physics (deuteron structure®!, FSI and meson exchange currents, and deformation of
the bound nucleon, see above) is being investigated extensively both at CEBAF?
and other laboratories. The unique perspective that our experiment could bring
to bear is the fact that we look at quasielastic scattering off the neutron (not the
proton, as is usually the case), and that we will have complete out-of-plane coverage
which does not exist elsewhere for these high Q2.

In practice, the information extracted might be contaminated to some extent
by Final State Interactions (FSI) which are estimated to be rather large?*"? if
the production of fast backward protons is dominated by the contribution of short
range configurations. The experimental measure of FSI in the considered reaction
can be defined as follows:

TP
k= SPWIa (27)
where 0°*? is the measured d(e, e'p)n cross section and o¥"74 is the cross section

calculated within the framework of the Plane Wave Impulse Approximation.

In Fig. 4, predictions for the dependence of « on the proton angle, 8,,, are
presented for different values of the proton momentum. The calculation was done
within the Glauber model which accounts properly for relativistic effects specific to
high energy processes?. These calculations predict that & should have a peak near
by = 60° at proton momenta |p,| = 400 MeV /¢ (corresponding to a = 1).

The proposed experiment will check the predicted angular dependence of « and,
therefore, verify the necessity of the relativistic Glauber approximation. In Fig. 5
the angular dependence of x is compared to the prediction of a nonrelativistic
Glauber approximation?”. It is seen that a considerable difference in the position
of the maxima of x is predicted in these different approximations. The origin of
this difference is that in a relativistic treatment of pn rescattering the FSI will not
change the a of the detected proton (see e.g. Refs.!'?®) while the nonrelativistic
treatment requires the conservation of the longitudinal component of the proton
momentum.

12



3. EXPERIMENTAL DETAILS

The aim of the proposed experiment is to collect a large body of data that can be
directly compared to the various theoretical approaches mentioned in the previous
section. These models predict different behavior of the cross section ﬁzﬁa—p as a
function of all kinematic variables, requiring us to cover as much of the accessible
kinematic phase space as possible. Therefore, the present experiment is uniquely
suited for the CLAS detector with its large acceptance (including out-of-plane de-
tection of the backward proton). Using a beam energy of 6 GeV, we will be able
to collect data simultaneously over a large range in z (z = 0.2 ~ 1.0), W (up to
W =3 GeV), Q% (1.0 < Q* £ 6.0 (GeV/c)?), , (0.25 < p, < 0.6 GeV/c),and y. In
addition, using CLAS will allow us to detect {(some part of) the final state hadrons
coming from the struck nucleon as well as the backwards emitted proton.

Qur requirements for the running conditions of CLAS are rather loose. We can
run with normal B-field direction (inbending electrons) and field strength or with
reversed or reduced B-field (leading to a somewhat larger acceptance at lower Q?
and larger backward angles, see below). Our trigger requirement is one electron
and one additional charged track, although this could be relaxed even further if
it turns out to be beneficial for other experiments. For our count rate estimates
we assume a standard (unpolarized) deuteron target and standard luminosity L =
10*/s/cm?. Under these assumptions, 16 days of ideal running will be sufficient
(but also necessary) to collect enough statistics to make significant distinctions
between several models, as shown in the next section. The total number of events
collected will be in excess of 3 x 10®, Figs. 6-7 show a breakdown of this expected
data sample as a function of spectator momentum p,.

3.1. Acceptance

The acceptance of CLAS was determined under the following assumptions:
Beam energy 6 GeV, scattered electrons detected above 0.6 GeV energy and out
to 45°, backward protons detected above 0.25 GeV/c momentum and at an angle
relative to the direction of ¢ of more than 90°. We used the Monte Carlo program
FASTMC? together with a model event generator that produced LUND-type event
files. These same event files were also used as input for a more realistic simulation
of the CLAS detector based on GEANT? and for SDA% to cross-check the results
obtained with FASTMC. Figure 8 shows a typical event as simulated by GEANT.
The model event generator was based on Eq. 4 and used the free nucleon structure
functions as input. In the deep inelastic region we used the SLAC parametrization®?
of the structure functions F; and R, rescaled to the kinematically correct value of
z. In the resonance region, the Brasse parametrization®® was used, again rescaled
to the proper W. Since this parametrization is for protons only, we multiplied the
resulting structure functions with a factor [Gar/Garp)° to approximate the neutron
structure functions. The 2N final state was described with the free neutron form
factors Gapy (Dipole form) and Gg. (Galster parametrization). Cross checks with
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different models?* were made, and the agreement was found to be within the model
uncertainties. '

Figure 9 shows the overall acceptance of CLAS for events with different back-
ward proton momenta p,. After taking both proton and electron acceptance into
account, one gets an average acceptance of about 50% for the events of interest. The
acceptance increases towards high proton momentum and can be explained readily
in terms of the geometric “shadow” of the coils. There is also a “hard” cut-off at
small electron angles (corresponding to @* < 1 (GeV/c)? and at large proton angles
(0pq > 150°, see Fig. 10). Reversing the polarity of the CLAS magnetic field pushes
these boundaries out by some small amount, but it is not clear that this advantage
outweighs the problem of higher singles rates (at low @?) and less-than-optimal
response of the Cerenkov counters.

Obviously, the limits of acceptance in the different physical quantities @2, z, W,
a, Ps, etc. are strongly correlated (both by kinematics and by detector coverage).
Figures 1012 illustrate this for several combinations of variables at a fixed @?%-bin
of 2.0 + 0.5 (GeV/c)?. For instance, one can read off Fig. 11 that we can reach
the deep inelastic region (W > 2.0 GeeV) for nearly all proton momenta below 0.6
GeV/c. Figure 12 shows that even for the rather large light-cone fraction a = 1.3 we
can still cover some range in z (this range increases if we include different Q?-bins).

For the analysis of the proposed experiment it will be important to understand
the acceptance of CLAS at the few-percent (2—3%) level. This will be achieved using
both extensive Monte-Carlo simulation, results from data at 4 GeV, and our own
data on two-body break-up of the deuteron which is kinematically overdetermined.

3.2, Reéolution

The required resolution of all kinematic variables is not very stringent in this
experiment. We need to know the momentum of the proton to within 2% and its
direction to within 5°. Figures 13-14 show the results of a SDA-simulation of these
resolutions, which stay within the given bounds. A more detailed simulation of
multiple scattering of the protons in the target and the target walls gave a result
consistent with those bounds, as well.

The electron variables can be measured with very good precision. The expected
error in Q? (about 2.5%) is much smaller than needed (except possibly in the case of
the two-body final state where we will have to average the theoretical cross section
with the resolution function of CLAS for a more accurate comparison). The most
relevant parameter is the resolution in the missing mass W since it determines
whether we can resolve the different resonance states and the “elastic” peak. The
precision with which one can measure W depends on both the electron and the
proton resolution, since the proton momentum enters the formula for W. The
simulation gave a Gaussian width of only 20 MeV for W.,.casured — Wirwe (see Fig. 15),
again well within our requirements.
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Event type . events total generated events cross section count rate

Q*>1le,nop 24564 50000 0.12 ub 590/s
Q*<lnoeallp 4368 50000 72 ub 63000/s
Q? < 1 no e, backward p 170 50000 72 ub 2400/s

Table 2: Accidentals rates from CELEG

3.8. Background

The dominant source of possible background events are accidental coincidences
between electrons and uncorrelated proton tracks. We have also studied secondary
interactions of knocked-out protons within the target walls etc. and found this
contribution negligible. Misidentification of the backward particle is also not a
problem since, at the low momenta of interest, both time-of-flight and energy loss
measurements can readily distinguish protons from pions and other hadrons. We
also ascertained that the pion rate is not much larger than the proton rate in the
back hemisphere.

Since the present experiment is essentially a double-arm coincidence experiment
between an electron and a proton, we must be convinced that at a luminosity of
1034 /cm?/s accidental coincidences do not overwhelm the signal. Estimates of these
rates have been made using the program CELEG, which simulates elastic scattering,
resonance excitation, and deep-inelastic scattering with special attention to the
hadrons produced. CELEG, when run for the deuteron, generates backward-going
protons from the spectator picture as well as products from resonance decay.

Many backward-going protons may be produced in a quasi-elastic scattering
reaction at low Q7 in which the electron disappears at small angles, beyond the
acceptance of CLAS. If another electron is detected simultaneously, the scattering
is misidentified by the random proton. Because we are interested in events with
@? > 1, and the primary source of backward protons comes from Q? < 1, we have
generated two sets of CELEG data. The first consists of events with @? > 1 for
which the electron is detected but no backward proton is observed. The second
contains events with Q2 < 1 in which a single backward proton is observed, but
the electron is missing. These data are then passed through the fast Monte Carlo
simulation of the CLAS detector.

Fig. 16 shows the acceptance in proton momentum and laboratory angle for
protons with no accompanying electrons. Proton momenta can reach 2-3 GeV/c,
but only for forward angles. The proton momentum for angles greater than 90° is
bounded below by the detector acceptance at about 250 MeV/c. In this case the
backward protons come overwhelmingly from quasi-elastic scattering. The proton
momentum distribution falls rapidly from 0.25 GeV/c to 0.5 GeV /¢, in keeping with
the momentum-space wavefunction for the deuteron.

Table 2 summarizes the rates and cross sections for the simulation. In each case,
50000 events were generated by CELEG. The cross section specified in the table is
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the total cross section for all electron-scattering events that are accepted by CLAS.
The number of events that satisify the specified criteria, as well as the detector
acceptance, are listed in column 2. The ratio of this number to the total, times the
cross section, times a luminosity of 10%/cm?/s gives the rates in the last column.
Estimates of the fraction of accidental events is given by the formula

accidentals R, pRuo AT

trues Rirue

(28)

in which the R’s are rates and A7 is the resolving time of the experiment. From
the spectator model Monte Carlo simulation, Reyye = 2/s. A conservative estimate
for the resolving time is A7 = 1 ns. Since we are interested only in events with a
backward-going proton, only the first and third rows in the table contribute to the
numerator. The accidentals to trues ratio, then, is 2400 x 590 x Ins / 2 = 7 x 10~*.
Accidental coincidences can therefore be ignored.

4. EXPECTED RESULTS

In this section, we demonstrate the sensitivity of the proposed experiment to
several aspects of the theoretical models described in section 2. Expected error bars
are based on the requested beam time and quality as spelled out in the previous
section.

4.1. Tests of the Spectator Model

As outlined in section 2, the spectator model cross section (Eq. 3) should not
depend explicitly on the beam energy, E, nor the electron energy loss, v, if the
invariant variables Q% z or W?, y, and m* are kept constant (by varying the
spectator direction and electron scattering angle simultaneously with E or v). At
a fixed beam energy of 6 GeV, we can test this by comparing the number of counts
(corrected for acceptance) in two bins of v which correspond to the same bin in @2,
z, y and p,. For instance, for the 2N final state (W? = m?), we can choose a bin of
Q% =15 -2.5 GeV?/c?, p, = 0.275 — 0.325 GeV/c, and y = 0.2 — 0.23, where we
will have full acceptance for v = 1.3 — 1.55 GeV. We will be able to compare the
number of counts in the first and second half of this range in v to 4% accuracy.

To test the dependence on E, we can use the data that will be collected during an
already approved experiment at 4 GeV '3, For instance, for W2 = m?, Q? = 1.5—2.5
GeV?/c?, p, = 0.525—0.6 GeV/c, and y = 0.325 —0.425, we will be able to compare
data at 4 GeV and 6 GeV to 3% accuracy. The sensitivity of these methods (and
the bin sizes) can be even increased if we use a simple parametrization of the cross
section in y (based on Eq. 3) instead of a fixed bin.

4.2. Light-cone vs. Non-Relativistic Wave Function

One characteristic of the light-cone description of the semi-inclusive cross section
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(Eq. 3) is the explicit dependence on the angle 8,, between spectator momentum
and the virtual photon direction. While the overall cross section is always reduced
relative to the non-relativistic expression Eq. 4, this suppression is most pronounced
at large 6,,. Figure 17 demonstrates this point: Even at moderate recoil momenta
(p, = 0.25-0.3 GeV/c), the light cone cross section is lower than the non-relativistic
one by a factor =~ 0.85 in near perpendicular kinematics (6,, = 90° — 110°), while
the reduction factor is ~ 0.62 at more backward angles (6,, = 130° — 150°). As
can be seen from Fig. 17, the statistical error bars will clearly be small enough to
observe this kinematic behaviour. The reduction is even more dramatic at higher
spectator momenta (& 0.5 at p, > 0.4), making a significant measurement possible
in spite of somewhat larger error bars.

4.3. Off-shell Effects

We used the model of Frankfurt and Strikman (Eq. 8) to get an estimate of
the quality and magnitude of off-shell effects that we could expect. We chose a
somewhat larger value for the parameter AEp than usuall, namely AEp = 1.0
GeV. This value is motivated by the fact that delta-excitations in deuterium can
only occur on both nucleons simultaneously. Also, this rather large value leads to
an average off-shell effect in deuterium corresponding to a 2% reduction at medium
z (see Fig. 18). This is the lower bound on most models mentioned in section 2.
This model leads to a rather modest “EMC-effect” in deuterium, as can be seen
from Fig. 18. On the other hand, even with this rather conservative value of AEp,
there are quite dramatic off-shell effects at high recoil momentum, as can be seen
in Fig. 19. While the absolute value of the off-shell reduction of the cross section
can be masked by the uncertainty in the deuteron wave function |/(a,py }|?, the
dependence on z for different spectator momenta, p,, is rather dramatic and can
be easily detected with the expected statistical uncertainty. Shown in Fig. 19 is
also the result of a recent calculation by Umnikov and collaborators® that predicts
a rather different off-shell behavior.

4.4. 6-quark configurations

In Fig. 19, we also show the prediction of the model for a six-quark configuration
as discussed in the theory section. While the absolute normalization of this curve
is uncertain to some degree (due to our lack of knowledge of the deuteron wave
function), the dependence on z is strikingly different than that predicted by the
off-shell models. This behavior should be discernible even if only some fraction of
the cross section comes from 6-quark objects.

4.5. Resonance region

Figure 2 shows the expected statistics for several different spectator momenta
over the whole resonance region. We will be able to determine the shape of the
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cross section in that region with high precision (a few percent) and small bin size.
Both the kinematic shift and any strong off-shell effects will be readily apparent.

5. SUMMARY AND REQUEST

We request beam time equivalent to 16 days at 100% efficiency of 6 GeV beam on
a deuterium target at luminosity 10%* in the CLAS detector in Hall B. We require full
functionality of all forward EGN and Cerenkov detectors, the TOF scintillators and
all three regions of drift chambers. No additional detectors or other modifications
are needed. The experiment can be done as soon as a 6 GeV beam is available in
CLAS.

The data collected will allow us to study the validity of several theoretical models
of electron scattering from a bound nucleon and of the structure of the deuteron in
terms of nucleon and quark degrees of freedom. We will be able to clearly distinguish
between different descriptions of the deuteron wave function (non-relativistic, light-
cone, fully relativistic), of off-shell effects, and of 6-quark components in deuterium.
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Fig. 1.
Q‘§ = 2 (GeV/c)?. The energy loss I of the electron is calculated for

the proton is emitted at 100° — 120° relative to §,
and 0.5 — 0.6 GeV/c (dot-dashed line). The solid line
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gy loss spectra in the spectator model for several spectator momenta and

the reaction d{e.e’p)X where
with momenta in the range 0.2 — (.25 GeV/c

is averaged over all proton momenta in the same angular range. The resonance structure shows up
clearly at low spectator momenta but is washed out due to the kinematic shift at Ps 2 0.3 GeV/e.
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error bars indicate the statistical accuracy expected for the proposed experiment.
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dash-dotted line is based on the effective mass formalism according to Ref.!®
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Fig. 4. Proton angular dependence of x = -‘;';:-;;-, Q=1 (GeV/c)? and E, = 6 GeV
for the two-nucleon final state. The labels 506, 400, 300, 200, and 100 indicate the momentum
of the spectator proton in MeV/c. The calculation was done with the Glauber approximation with
relativistic modifications®*.
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0 20 40 60 80 100 120 140 160 180

Fig. 5.  Angular dependence of x for two different models of FSI. The upper (lower) solid line
is the same as in the previous figure for p = 400 (200) MeV/c. The dashed lines show the
corresponding results from a calculation within the nonrelativistic Glauber approximation!®.
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Fig. 6. Expected number of counts in each bin of AW = 0.1 GeV and Ap, = 0.025 GeV/c.
This estimate is based on 16 days of running at full luminosity with a 6 GeV electron beam. The
acceptance of CLAS at normal field polarity and full field strength is folded in. Only events in the
@Q2-range Q® = 1.5 — 2.5 are included. All proton momenta are in the backward hemisphere
relative to the g-vector.
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Fig. 7. Expected number of counts for each bin of Az = 0.02 and Ap, = 0.025 GeV/c for the
same assumptions as in the previous figure.
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Typical Event Simulated in GEANT

Fig. 8. Typical d(e,ep)X event as simulated with GEANT. The electron is going forward in the
lower half of the spectrometer and the proton is going backward in the upper half. One can see that
the proton is detected in all three drift chamber regions and the TOF counter.

28




x 102
6000

5000

T 1 -

4000

3000

llllllll‘

¥
1
1

2000

1000

) T L) T l LB ] l L

0.25 0.3 .35 0.4 .45 0.5 0.55 Q.6
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overall scale factor of 100!
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Fig. 15. Expected resolution in the missing mass W of the unobserved final state of the struck
neutron, from a SDA simulation.
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Fig. 16.  Distribution in (lab) angle and momentum of single protons without detection of an

electron in coincidence from a CELEG simulation.
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Fig. 17. Ratio of the cross section for the reaction d(e,e’p)X calculated in the light cone formaliem!
divided by the same cross section from a non-relativistic simulation, within the spectator model.
The error bars indicate the expected accuracy of our data points. The square and round data
points indicate the result for spectator momenta p, = 0.25 — 0.3 GeV/c for the angular range
fpg = 90° — 110° and 8,, = 130° — 150°, respectively. The triangular and diamond points are
for the same angular ranges, but spectator momenta of p, = 0.4 — 0.5 GeV/c. The prediction
from the non-relativistic model is independent of 8.
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Fig. 18. Ratio of the average cross section on a bound neutron in deuterium to the free one in
the light cone formalism. Shown are both the on-shell (solid line) calculation and the result for the
off-shell model of Ref.! (dashed line). The dot-dashed line is the ratio between off-shell and on-shell
calculations.
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Fig. 19. Ratio between several different predictions of the cross section d(e,e’p)X in the deep

0.6

inelastic region (@? = 2 £ 0.5, W > 2) and the on-shell cross section calculated in the light
cone formalism (Eq. 3). The solid and dashed lines are for an off-shell calculation following the
PLC suppression model of Frankfurt and Strikman! for two different ranges of backward proton
momenta: p, = 0.25 — 0.3 GeV/c and p, = 0.4 — 0.5 GeV/c. The dotted and the dashed-dotted
line are predictions by Umnikov et al.}* for the same momentum ranges. The dash-double-dotted
curve indicates the expectation for scatteting from a 6-quark object following the model of Carlson

and Lassila®. The error bars indicate the expected accuracy of the proposed experiment.
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